Abstract In an inter-laboratory measurement comparison study, four laboratories determined 230 Th-234 U model ages of uranium certified reference material NBL U050 using isotope dilution mass spectrometry. The model dates determined by the participating laboratories range from 9 March 1956 to 19 October 1957, and are indistinguishable given the associated measurement uncertainties. These model ages are concordant with to slightly older than the known production age of NBL U050.
Introduction
The model age of nuclear material is an important signature that may be used to constrain the production history of the material and also establish genetic links among different samples of interest in a nuclear forensic investigation. A radiochronometric model age is determined from analyses of parent-daughter or parent-daughter-granddaughter isotopes in a sample of nuclear material. The model age is calculated assuming a specific model history for the material wherein (1) the material was completely purified from relevant decay products during the production process, and (2) the material has remained a closed system since the time of production, with no gain or loss of parent or relevant progeny isotopes. Incomplete purification of bulk material at the time of production may result in residual progeny isotopes in the material, so in practice, the model age may be considered to represent a maximum age for a sample. The determination of an accurate and precise model age also requires high quality analyses of parent and progeny isotopes performed with validated analytical methods.
This paper describes a measurement round-robin designed to compare analytical methods for 230 Th-234 U age-dating of bulk uranium materials. The participating laboratories are Lawrence Livermore National Laboratory (LLNL, USA), Los Alamos National Laboratory (LLNL, USA), Japan Atomic Energy Agency (JAEA, Japan), and Commissariat à l'É nergie Atomique et aux É nergies Alternatives (CEA, France). The certified reference material U050 (U 3 O 8 form), available from New Brunswick Laboratory (NBL), USA, was selected as the material for this measurement exchange because it is commercially available, its low level of enrichment (5 % 235 U) does not require special laboratory facilities for handling, and it has a known production history. Records from the production of U050 indicate that it was removed from the enrichment cascade on October 4, 1957 and was purified between October 7 and November 7, 1957. Additional details on the production of the standard are presented in [1] . Th tracer cross-checks. Thorium was purified for analysis using a single anion resin column. A 100 lL column was prepared using AG 1 9 8 resin in an in-house built PE column, with which Th was purified by loading the sample and then eluting Th with 9.5 M ultra-pure grade HCl (Merck, Germany). No purification was performed on the sample fraction for U ID analysis. Thorium was analyzed on a Thermo Scientific Element XR inductively coupled plasma mass spectrometer (ICP-MS) using a peak-jumping routine on a single collector. Samples were dissolved in 2 % HNO 3 (ultra-pure grade, Merck, Germany) for analysis. Mass bias corrections were applied to the For the 229 Th tracer cross-check measurements, 229 Th tracer, in 7.5 M HNO 3 , was added directly to the vials provided by LLNL containing 230 Th standard NIST 4342A. The vial was capped, heated to equilibrate, and dried. Analyses were performed on the newly-installed Thermo Scientific Neptune Plus multi-collector ICP-MS (MC-ICP-MS), using static multi-collection of 229 Th and 230 Th on Faraday cups, and mass-bias correction using a standardsample bracketing method with IRMM-186. IRMM-184 was used as the QC standard.
JAEA
A primary solution was prepared by dissolving approximately 35 mg of U050 in a PFA bottle with 8 M HNO 3 . Th spike calibration for LLNL is based in part on these analyses (several additional independent analyses of NIST 4342A by LLNL were also included in the calibration). For JAEA and LANL, these results serve as a cross-check for their spikes, which were calibrated independently (see text)
After the oxide was dissolved, the solution was diluted to a final of concentration of approximately 1.7 mg/mL in 2 M HNO 3 [3] and the purification date of the 233 U spike. Thorium was purified using a two-stage purification on anion exchange columns. The resin beds were prepared using in-house built Teflon columns with a 0.3 mL column volume. The first column was prepared with anion resin CA08-P (Mitsubishi Chemical Corporation, 120 micron particle size), and the sample was loaded and Th was eluted with 9 M HCl (acids are TAMAPURE AA-100, Tama Chemicals Co., Ltd.). The second column utilized an anion resin bed of CA08-Y (25 micron particle size), on which the sample was loaded in 8 M HNO 3 and Th was eluted in 9 M HCl (TAMAPURE AA-100, Tama Chemicals Co., Ltd.). Uranium was not purified prior to analysis of the U ID fractions. Thorium was dissolved in 0.32 M HNO 3 and analyzed with a Thermo Scientific Element 1 ICP-MS using a peak-jumping routine on a single collector. Mass bias correction for Th analyses was determined from analyses of the U standard CRM U015. Uranium fractions were loaded on zone-refined Re filaments and analyzed on the Thermo Scientific Triton TIMS.
238 U/ 233 U was measured using Faraday collectors, and the 234 U abundance was calculated from the certified isotopic composition of the sample and the measured 238 U abundance. The single age reported is derived from the average of three replicate U concentration measurements and the average of three replicate Th concentration measurements.
For the 229 Th tracer cross-check exercise, 229 Th tracer in 0.5 mL of 2 M HNO 3 along with 1 mL of 2 M HNO 3 ? 0.05 M HF were added directly to the vials provided by LLNL containing NIST 4342A 230 Th standard. Vials were capped, heated to equilibrate and dried. The Th samples were purified using the same methods as for the U050 purifications. The mass spectrometry procedures were also the same, except that the analyses were performed using a newly-installed Thermo Scientific Element 2 ICP-MS. Table Mountain Latite (TML) , an inter-laboratory rock standard assumed to have U-series isotopes in secular equilibrium [4] .
LLNL
Thorium was purified for analysis using a three-stage process. First, Th was separated from bulk U using a 1 mL anion exchange resin bed (AG 1 9 8, 100-200 mesh) in an Environmental Express column. The sample is loaded, and Th is eluted, in 9 M HCl ? 0.01 M HF (all acids are from Seastar Chemicals, Inc.). Thorium is then purified using a 1 mL Eichrom TEVA resin bed in an Environmental Express column. The sample is loaded in 4 M HNO 3 and Th is eluted with 9 M HCl followed by 0.1 M HCl ? 0.005 M HF. The final Th purification column utilizes the same anion exchange procedure as the first stage. Uranium is not purified before analysis. Isotope dilution analyses of U and Th were performed using the Nu Plasma HR MC-ICP-MS. Uranium was dissolved in 2 % HNO 3 230 Th standard, capping and heating to equilibrate, and then drying. The Th mixture was not purified, and was analyzed using the same methods as used for U050 analysis. The U isotopic composition was measured on a ca. 250 mg aliquot of Solution B. Uranium concentration measurements were made using 1 g aliquots of Solution C, containing ca. 10 ng U. Thorium concentration measurements were made using 0.2-0.5 g aliquots of Solution A (0.6-2 mg U). All U ID and Th ID aliquots were spiked with appropriate amounts of 233 U or 229 Th spike, respectively, to yield sample isotope/spike isotope ratios of approximately one. The 233 U tracer is calibrated against an in-house solution prepared from the NBS 960 U metal assay standard. The 229 Th tracer is calibrated against the NIST 4342 230 Th radioactivity standard at LANL (as opposed to the cross-check vials provided by LLNL), using the 230 Th half-life from Cheng et al. [2] to calculate the concentration of 230 Th in the standard on a mass basis. Three separations on anion exchange columns (BioRad AG 1 9 8 100-200 mesh) are performed to purify Th for analysis. The first step uses a 2 mL resin bed, on which the sample is loaded in 8 M HNO 3 , rinsed in 0.1 M HCl and from which Th is eluted in 9 M HCl. For the second step, this procedure is repeated using a 0.5 mL resin bed. The third column uses a 0.5 mL resin bed. The sample is loaded in 9 M HCl and Th is eluted in 9 M HCl. Uranium fractions are purified using a single anion exchange column, on which the sample is loaded in 9 M HCl and from which U is eluted in 0.1 M HCl. Purified Th fractions were dissolved in 2 % HNO 3 for isotope dilution analysis on a Thermo Scientific Element 2 ICP-MS. Instrumental mass bias of the measured Th isotope ratio was corrected using bracketing measurements of NBL CRM U010. Purified U concentration fractions were evaporated to dryness, and aliquots were re-suspended with 1-5 lL of 4 M HNO 3 , loaded on a triple Re filament assembly in a bed of colloidal graphite that had been cleaned extensively to minimize U blank contribution. The U ID analysis was performed with the IsotopX Isoprobe-T TIMS using a peak-hopping routine on the axial Daly detector. NBL CRM U010 was run to correct the effects of instrumental mass bias. A purified aliquot of U050 Solution B was analyzed for the U isotopic composition, following the methods of Zimmer et al. [5] . Each replicate result reported in Table 1 (t), calculated from the analytical result, from the reference date for the analysis. The model ages (t) are calculated using the following expression:
where k 234 and k 230 are, respectively, the decay constants for 234 U and 230 Th in units of a -1 and R is the atom ratio 230 Th/ 234 U measured in the sample. The calculated model age in years, t, is the production age of the sample if and only if the sample was completely purified of 230 Th at the time of production, and has remained a closed system with neither loss nor gain of parent or daughter between the time of production and the time of analysis. The model ages are calculated using k 234 = (2.8263 ± 0.0056) 9 10 -6 years (2r) and k 230 = (9.158 ± 0.028) 9 10 -8 years (2r) [2] . Uncertainties include all parameters known to make a significant contribution to the total uncertainty budget and are calculated using standard methods for propagation of uncertainties.
Discussion
All 230 Th-234 U model ages determined in this interlaboratory exchange are indistinguishable, indicating that the different methods utilized by the different laboratories are all suitable for analysis of bulk uranium materials. Where individual replicate analyses are made by a single laboratory (CEA, LLNL, LANL), the standard deviations of the replicate analyses are slightly to substantially smaller than the calculated uncertainty for an individual analysis. This illustrates that the expanded uncertainties calculated for these results contain uncertainty components of a fixed relative magnitude, such as are associated with the calibrations of 229 Th and 233 U tracers or the standards used for mass spectrometry calibrations, that can not be reduced by simply increasing the number of replicate analyses made. The larger uncertainties associated with the CEA and LANL analyses reflect the measurement precision associated with Th isotope ratio analyses by single-collector ICP-MS, as well as the calibration of the low-level 233 U spike at CEA.
The U050 standard was produced between October and November 1957 [6] . Although five of the 15 replicate analyses yield 230 Th-234 U model ages that are concordant, within uncertainty, with the production date, all model ages except for one are older than the production date by amounts ranging up to 19 months. It is unlikely that this systematic bias in model ages is simply due to statistical scatter in the replicate measurements. Rather, this bias is more likely the result of trace 230 Th impurity (up to 4.6 ppm 230 Th relative to 234 U) remaining in the bulk uranium after purification and production of U050. This illustrates that the model age assumptions must always be evaluated when interpreting model ages as production ages of a material. If a material has an ideal history, and was completely purified from relevant decay products during production, then the model age of the sample will be the same as the actual production age of the material. However, trace decay products that remain in a material after production, or that otherwise are added to material since production, will generate a model age older than the actual production age; thus the model age constrains the maximum age of a material.
At present, few reference materials for age dating are certified and available to the scientific community for use in validation of Th-U age dating methods. These are NBL CRM 125-A (4.1 % 235 U) and NBL CRM U630 (63 % 235 U) (New Brunswick Laboratory, Argonne, IL, USA), which have model dates of 1994 and 1989, respectively, and IRMM 1000 (3.7 % 235 U) (Institute for Reference Materials and Measurements, Geel, Belgium), which has a very young model date of 2012. The older model date of U050, ca. 1957, is closer to the start of the nuclear era. The excellent reproducibility among replicate 230 Th-234 U analyses of the four different U050 standards procured by the four laboratories indicates that the production process resulted in a homogeneous uranium oxide material, consistent with descriptions of the production procedure [1] . The results from this interlaboratory measurement exchange provide preliminary characterization of CRM U050 for use as an informal standard that complements the range of model ages represented in currently available certified reference materials. 
